Uranium is well known for its use as a nuclear fuel. Its chemo toxic and radiotoxic properties may cause considerable hazards, even at environmental levels. 1 The earth crust contains about 2.4 mg/mL U and seawater contains 1 -3 ng/mL. Nowadays, uranium in environmental samples can be determined by several methods with different detection limits. In most cases, complicated pretreatment methods are needed, or especially high-cost instrumentation is required. [2] [3] [4] [5] [6] [7] [8] In the present study, a conventional method is presented for the detection of uranium in natural water samples by membrane separation followed by total reflection X-ray fluorescence (TXRF) analysis.
Introduction
Uranium is well known for its use as a nuclear fuel. Its chemo toxic and radiotoxic properties may cause considerable hazards, even at environmental levels. 1 The earth crust contains about 2.4 mg/mL U and seawater contains 1 -3 ng/mL. Nowadays, uranium in environmental samples can be determined by several methods with different detection limits. In most cases, complicated pretreatment methods are needed, or especially high-cost instrumentation is required. [2] [3] [4] [5] [6] [7] [8] In the present study, a conventional method is presented for the detection of uranium in natural water samples by membrane separation followed by total reflection X-ray fluorescence (TXRF) analysis.
In recent years, TXRF has become increasingly important in modern analysis and production control. 9 It is an economical method (low cost per sample) that provides reliable analytical results for trace elements in liquid or solid samples. 10 Hardly any other analytical technique is as universally suited for qualitative and quantitative determinations as TXRF, because of the presence of certain advantages, compared to other methods, which are mentioned below:
(1) It has the ability to detect exceptionally small quantities of mass (ng or pg). (2) It simultaneously analyses (in one spectrum) most elements with atomic number higher than that of magnesium. (3) It can be used for the direct analyses of solid samples (e.g. membranes) or liquid deposits. (4) The analysis time for each sample is small, typically 100 -400 s. Most TXRF analyses are based on the deposition of small quantities of solutions (a few microliters) on the center of a quartz reflector. The liquid solution is left to dry, and then analyzed. The detection limits under these conditions are on the order of 10 -50 ng/mL. Other analytical techniques used for uranium detection are ICP-MS and ICP-AES with sub-ppb and 40 ppb detection limits, respectively. 11 In general, the detection limits may differ depending on the specific analytical system, experimental conditions, etc.
TXRF is a suitable method for determining uranium in liquid samples by using uranium L X-ray lines. On the other hand, the concentrations of uranium usually presented in water samples are in the low-ppb range. Zarkadas et al. 12 used a rather elaborate pretreatment step in urine samples, in order to achieve better detection limits. In the present study, novel membranes were prepared to analyze low uranium concentrations in water solutions (drinking water, distilled water). The membranes were deposited on the center of a quartz reflector. They contained different powerful complexing reagents as well as other auxiliary compounds.
Seventeen complexing reagents were tested as well as many (35) of their combinations. The combination of dithizone and thiourea gave the best results, offering the best yields of uranium in water, compared to all of the other combinations tested. The compounds were chosen from a list of organic ligands that have shown great response to uranium complexation, according to the literature. These membranes were used to collect uranium from various water solutions having a volume of 50 mL.
The produced membranes were made by mixing complexing reagents with the following components. Polyvinyl chloride (PVC) high molecular weight, dibutyl phthalate plasticizer, tetrahydrofuran (THF) and dithiobis (DTNBA).
The composition of the membranes was similar to that of ionselective electrodes. 13 The presence of sulfur and chlorine atoms in the above-mentioned components, and consequently inside the membrane matrix, do not produce any interference effects during X-ray analysis, because their X-ray energies are far enough from the uranium L X-ray lines. Removal of the membrane from quartz (after analysis) was simple, and the amounts of used reagents very small, since the quantities of the deposited membranes were only a few micrograms.
Experimental

Preparation of PVC-based membranes
PVC membranes consisted of two different parts (solutions). 14 After preparing these two solutions, the membranes were fixed on the quartz reflection according to the following procedure: 10 µL of the mixing solution (1st solution) and 6 µL of the ligands solutions (2nd solution) were put on the center of the quartz reflector. The membranes were left to dry with the use of an IR lamp. Being oven dried did not cause any difference in the membrane adhesion or in the uranium analysis.
In order to examine the yield of uranium during the combination of two complexing ligands in a PVC membrane, the same procedure was followed as mentioned above with one difference: instead of 6 µL of each ligand, 3 µL of each of the two ligands were used.
Proportions of dithizone-thiourea
According to the above-mentioned experiment, the quantity for each ligand was 50/50 of the total mass. In order to cover a wider range of mass proportions, different quantities of those two ligands were used with the following mass proportions so as to the achieve maximum yield. The total volume was 6 µL of both ligands. The chosen proportions of (dithizone-thiourea) quantities were: (1) 0/6, (2) 1/5, (3) 1.25/4.75, (4) 1.5/4.5, (5) 2/4, (6) 3/5, (7) 4.5/1.5, (8) 6/0 (the first number is for dithizone microliters, the second number is for thiourea microliters).
Uranium concentrations were prepared at a concentration of 50 ng/mL. Plastic vessels were used to prepare the solutions. For linearity experiments, there were selected uranium concentrations over a wide range from 5 to 50 ng/mL uranium.
For analyses of the samples TXRF was used. To produce the primary X-ray beam at a voltage of 55 kV and a current of 20 mA, a fine-focus molybdenum X-ray tube (Seifert FK 60-04 AG) with a Seifert 150-debyeflex 3000 high-voltage generator was used. The X-ray total reflection was performed by an easily mountable TXRF module designed and produced at the Vienna Atominstitut. 15 The produced X-rays were detected by an Oxford Si(Li) X-ray semiconductor detector with an 80 mm 2 surface area and a resolution of 155 eV at 5.9 keV. The produced signal was amplified by the detector preamplifier and a Tennelec TC-244 spectroscopy amplifier and collected with a personal computer multichannel analyzer card (PCA-II Nucleus). A total of 2048 channels were used for each spectrum, and the analysis time was 100 s. Peak intergration and background substraction were performed by the computer program AXIL, distributed by the International Atomic Energy Agency (IAEA). 16 
Results and Discussion
In order to compare the ligand selectivity, the membranes of various ligands were put in 50 mL of a distilled-water solution for one day. A list of the ligands is presented in Table 1 . The water solution contained 50 ng/mL uranium. Figure 1 represents the uranium X-ray yield as a function of the complexing agents; the best yield was taken from dianicidin. The ligands are classified according to the yield from better to the worst (dianicidin-citric acid). Figure 2 presents the uranium yield of the combination of two ligands in 50/50 proportion (3 µL of each ligand); the list of the ligand combination is presented in Table 2 . The results show that the couple of dithizone and thiourea had the best yield, compared to all other combinations of ligands.
The choice of the combinations was according to their yield and by the active groups of ligands (e.g. sulfur, nitrogen, phosphor and oxygen atoms). In a pair of complexing ligands [dithizone-thiourea] the criterion for choosing the ligands was the active groups of both ligands, which carry sulfur atoms and nitrogen atoms (dithizone). As is obvious from Table 2 and Fig.  2 , all combinations between ligands that had sulfur atoms, or when one from the ligands had sulfur atom, gave higher yields.
The effect of the mass proportions in the couple dithizone-thiourea was examined, and the results are given in Fig. 3 . Six different proportions of the couple of the two ligands were prepared (17/83, 20/80, 25/75, 33/66, 50/50, 75/25 dithizone-thiourea mass fractions, respectively). From the results, it is obvious that the highest yield was achieved at 25/75% composition (1.5 µL dithizone-4.5 µL thiourea), which corresponded in a mole proportion of dithizone-thiourea (0.1/0.9), respectively. As presented in Fig. 3 , the mixing of two reagents gave higher results from that of each single one.
The procedure introduced by the present work is compared with the usual TXRF one in Fig. 4 . The Lα uranium X-ray lines of two different spectra are presented; at spectrum A, 10 µL of the sample had been left to dry on the center of a quartz reflector (usual TXRF procedure). In spectrum B, a 25/75 dithizone-thiourea membrane was used, according to the present procedure. The inferior X-ray yield in the usual TXRF procedure is obvious the uranium concentration was 10 ng/mL in both cases.
The linearity of the X-ray uranium yield was examined in distilled and drinking water as well. The concentrations in both types of water were 5, 10, 20, 30, 40, 50 ng/mL, and the membrane equilibration time was 1 day. The results are presented in Fig. 5 , which show good linearity for both cases. The minimum detection limit was estimated to be 3 times the background standard deviation (square root of the background). For 50 mL of the volume sample and 400 s of irradiation time it was found to be equal to 0.4 ng/mL for distilled water and 0.8 ng/mL for the drinking one. The detection limit can be improved further by increasing the irradiation time.
By comparing the calibration lines it is obvious that the yield of uranium in drinking water is lower than in distilled water as the result of the presence of competing ions in drinking ions, which may reduce the capability of the membrane to capture uranium, compared with that of distilled water. A standardaddition calibration technique can be used in drinking water to overcome this problem. Table 1 . The uranium concentration was equal to 50 ng/mL and the solution volume was 50 mL. Table 2 . The uranium concentration was equal to 50 ng/mL and the solution volume was 50 mL. Fig. 3 Uranium X-ray yield as a function of different mass proportions at the dithizone-thiourea membrane. Fig. 4 Comparison of the uranium Lα X-ray peaks collected by two different procedures. In spectrum A, 10 µL of the sample were left to dry on the center of a quartz reflector. In spectrum B, a 25/75 mass proportion dithizone-thiourea membrane was used, according to the present procedure. The uranium concentration was 10 ng/mL in both cases.
Conclusions
The use of membrane complexation proved that the detection of uranium in drinking and distilled water can be achieved at ng/mL concentrations and by TXRF analysis.
(1) A large number of organic ligands may capture uranium and give high X-ray yields in PVC based membranes. 
